A software tool for the prediction of the aero-thermodynamic environments of conceptual aerospace configurations is presented. The vehicle geometry is defined using unstructured, triangulated surface meshes. For subsonic Mach numbers a fast, unstructured, multi-pole panel code is coupled with a streamline tracing formulation to define the viscous surface solution. For supersonic and hypersonic Mach numbers, various independent panel methods are coupled with the streamline tracing formulation, an attachment line detection method, and stagnation-attachment line heating models to define the viscous aero-thermal environment.
Introduction
The prediction of the aero-thermodynamic environments of launch, orbiter, and crewed space vehicle configurations early in the conceptual and preliminary design stages is often driven by the need for rapid turn-around and the ability to handle complex and unconventional geometries. NASA's on going programs, such as NGLT (Next Generation Launch Technologies) and OSP (Orbital Space Plane), require the evaluation of the aero-thermodynamic environments of configurations ranging from stacked two-stage to orbit reusable systems, to expendable launch vehicles with crew transfer vehicles mounted atop.
During the 2 nd Generation Launch Vehicle program, the development of the Advanced Engineering Environment (AEE) was begun. AEE includes the full set of conceptual to preliminary level analysis tools, including geometry, aero-thermodynamics, structures, weights, trajectory, thermal protection, cost, operations, and safety. In support of the AEE environment, the aero-thermodynamic tools are required to supply both integrated forces and moments for trajectory analyses, as well as distributed heating and loads information for thermal and structural analyses.
To adequately define the aero-thermal environment, a typical matrix of Mach, dynamic pressure, and angle of attack (M-Q-) might span 16 x 12 x 16 = 3072 cases. The use of high fidelity Computational Fluid Dynamics (CFD) for all but a few of these cases, across the Mach number (0.3 to 26), dynamic pressure (0.01 to 1000+ psf), and angle of attack (0 to 40+ degrees) range, is impractical.
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The large size of the aero-thermal databases, and the impracticality of running high fidelity (finite rate chemistry, Navier Stokes) CFD across the entire M-Qrange lead to the need for engineering level tools for the prediction of both subsonic and super-hypersonic aerothermodynamics.
The Configuration Based Aerodynamics tool (CBAERO), developed under NASA's 2 nd Generation Launch Vehicle program provides such a capability.
CBAERO combines the use of unstructured, triangulated surface grids with proven and understood, engineering level analysis, for both subsonic and superhypersonic Mach numbers, across the angle of attack and dynamic pressure ranges. The use of unstructured, triangulated grids allows the re-use of the same software tools used to define surface grids for the many unstructured Euler solvers available, such as NASA Ames Research Center's CART3D.
formatted. Figure 1 shows a typical surface grid of the NASA X-33 configuration. Figure 2 illustrates a generic 2 nd generation launch vehicle concept generated and meshed using the AEE geometry tool. Where µ is the doublet strength and the source strength. The above integral formulation is solved discretely by assuming constant source and doublet distributions across each surface triangle. Enforcing tangency on each triangle panel (via a Dirichlet formulation) results in a large, and fully dense, linear system for the unknown doublet strengths. The formulation is similar to the one used in references 8 and 10. A simple Prandtl-Glauert affine transformation is used to account, in a linear sense, for the compressibility affects of low Mach number flows.
The size of the linear system and the solution time will both grow as N^2, where N is the number of triangles. This quadratic complexity is the largest detractor of all such linear panel formulations. To circumvent such quadratic solution complexities, CBAERO make use of well known fast multi-pole methods, sometimes generically referred to as fast tree methods (reference 2).
The largest cost in implementing a typical panel method, either based on structured or unstructured grids, is the evaluation of the linear system of equations and its solution. To speed up this process, CBAERO uses an octree data structure to define the spatial distribution of the surface triangles (panels), and their relative proximity to one another. With the octree information, approximate, multi-pole, expansions can be built for entire regions of the of the solution domain. The net result is that the generation and solution of the linear system of equations can be reduced to a complexity proportionate to N*Log N, where N is again the number of surface triangles (panels), [references 2, 3, and 9]. Figure 6 depicts the surface pressure contours, using a Modified-Newtonian formulation, on the X-33 configuration. The Modified Newtonian method provides the pressure at each surface triangle. The known entropy after the normal shock, the surface pressure provided by the Modified Newtonian, and the assumption of an isentropic process from the shock to the surface defines the thermodynamic state on the triangle.
For the Tangent Cone and Tangent Wedge methods two options exist. First, one may assume a fully attached conical or two-dimensional shock. The TaylorMaccoll equations (conical flow), or the oblique shock relations then provide the post (conical or oblique) properties for pressure as well as entropy. Conversely, the Tangent Cone and Tangent Wedge methods may be used to provide only the pressure, and the post normal shock entropy can be used to fix the thermodynamic state at each triangle. With any of these methods, the equilibrium air model is used to define all the thermodynamic properties and relationships.
Unlike the subsonic, potential formulation, the various independent panel methods do not provide any information on the surface velocity pattern, or direction. The independent panel methods only provide the scalar thermodynamic properties, including the velocity magnitude. To provide an estimate of the surface velocity vectors, the very simple approximation:
is used. Here n is the local surface normal, and V r is the free stream velocity vector.
Streamline Tracing and Attachment Line Detection
Given an inviscid flow field, generated using either the subsonic fast panel method, or the super-hypersonic independent panel methods, the standard ordinary differential equations (ODEs) for a three dimensional streamline, constrained to the vehicle surface, are solved.
The present implementation assumes a linear variation of the surface velocity field across each triangle. The 3 equations for the x, y, and z coordinates of the streamline paths are integrated on a given surface triangle until a triangle edge is reached. A triangle to edge, and an edge to triangle data structure is used to move to the adjacent triangle where the integration process is continued. The streamline ODEs are integrated in reverse, starting at a point near the base of the vehicle, and ending at the stagnation point.
To efficiently cover the surface with as few streamlines as possible, the surface nodes are sorted in increasing x, from nose to tail. A simple greedy algorithm is used to choose the next starting node. Using this approach, a limited number of streamlines are generated such that every node is adjacent to at least on e streamline. Figure 7 shows a typical surface streamline pattern produced using the simple hypersonic surface velocity model on the X-33 configuration. Figure 8 shows the surface streamline pattern on the HL-20 configuration based on a Mach 0.3, 15 degrees angle of attack solution generated using the fast panel formulation. 
Running Lengths and Acreage Heating Models
Once the inviscid surface flow field, streamline patterns, stagnation point, and attachment lines are defined the viscous solution over the acreage of the vehicle can be easily estimated. The running lengths, from either the stagnation point or attachment lines, are calculated using the streamline patterns. The running lengths, the inviscid solution, and either a laminar or turbulent flat plate reference enthalpy method (Eckert), are used to solve for the skin friction coefficient. Using Reynold's analogy, the Stanton number is calculated and the convective heat rate is set equal to the radiation heat rate, where a non-conducting wall is assumed. 
Stagnation and Attachment Line Heating
For super-hypersonic Mach numbers, a Fay-Riddell analysis with a Lee's distribution is used to define the stagnation and off-stagnation heating. The typical FayRiddell analysis requires the specification of the stagnation point radius of curvature. However, this requirement is actually driven by the assumption of a local Newtonian flow field. The Fay-Riddell formulation truly requires the local surface velocity gradient, which, for a Newtonian flow field, is inversely proportional the square root of the local surface curvature.
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The present formulation does away with any estimate of the local surface curvature and instead estimates the velocity gradient at the stagnation point directly from the local surface velocity magnitudes known at each triangle. With the stagnation velocity gradient known, the stagnation heating can be estimated.
Along the attachment lines, the same stagnation type heating analysis is performed. However, now the surface velocity gradients are evaluated at each surface triangle identified to lie on an attachment line. Once the stagnation and attachment line heating rates have been evaluated, a running length offset is calculated for the stagnation point and for each identified attachment triangle. 
Base Drag
The base drag model is a simple semi-empirical correlation of base pressure coefficient with Mach number. For hypersonic Mach numbers the base pressure varies inversely with the Mach number squared.
Control Surfaces
CBAERO allows for an arbitrary number of user defined control surfaces. Control surfaces are interactively defined by selecting individual surfaces or groups of triangles using the CBSETUP tool provided with the CBAERO package. For subsonic Mach numbers the deflection of the local geometry about the user defined hinge line is approximated using linearized boundary conditions and small angle assumptions. For super-hypersonic Mach numbers the surface triangles are truly rotated about the hinge line as no requirement for surface continuity is required when using the independent panel methods. Streamline patterns and thermal solutions are based on the un-deflected geometry.
Implementation CBAERO is coded in ANSI C++, using an object oriented approach. The code runs in parallel on shared memory systems using a simple C/C++ forking approach where a matrix of M-Q-cases is efficiently distributed over a user specified number of processors. The cases are distributed over angle of attack first, then Mach number, and finally dynamic pressure to reduce the overhead of calculating quantities that are only functions of angle of attack, or Mach, or dynamic pressure. For instance, the super-hypersonic surface flow field approximation is only dependent on angle of attack and not the Mach number or dynamic pressure. Near linear speed up for 64 processors is typically observed. As the Mach number is increased beyond Mach 1, the formulation switches to the independent panel methods. While Mach 1.2 is well outside the 'appropriate' range for the independent panel methods, the results here (Tangent Cone) compare surprisingly well with the experimental data. As the Mach number is increased, the comparison with the experimental data continues to improve. 
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Concluding Remarks A new software package for predicting the aerothermal environment of conceptual aerospace vehicles has been presented. The present method makes use of unstructured surface triangulations to define the geometry, which greatly eases the geometry setup time and allows the automation of the grid generation process using one of the many commercially available surface grid generation packages. The current contains a fast, unstructured, multi-pole panel method for prediction of subsonic flow fields. For super-hypersonic Mach numbers various independent panel methods are used. For both the subsonic and super-hypersonic Mach numbers a streamline tracing method, in coordination with an automatic attachment line detection method is used to define the surface streamline pattern and the subsequent viscous surface solution based on laminar and turbulent flat plate methods. Results for both integrated force and moment data and distributed heating data are compared to available experimental data.
